Magnetron-sputtered aluminum (Al) and aluminum-manganese (Al-Mn) films with structures 10 ranging from nanocrystalline to amorphous were obtained by tuning the Mn% up to 20.5 at.%. 
Introduction
1 Aluminum (Al) films are frequently applied as a corrosion protection coating for steel [1, 2] , 2 magnesium alloys [3, 4] , and NdFeB magnets [5] etc., replacing the toxic cadmium coatings [6] .
3
Al coatings can be deposited using various methods including electroplating [1] , physical and 4 chemical vapor deposition [3, 7] , and hot-dipping [2] . An amorphous semiconducting passive 5 film forms on the surface of Al in neutral (pH 4-9) solutions to protect the metal underneath from 6 corrosion [8, 9] . However, this passive film is still vulnerable to local attack from different halide 7 ions in saline environments, which eventually leads to pitting and crevice corrosion of Al. In 8 addition to its pitting susceptibility, the low mechanical strength of Al coating also leads to poor 9 wear resistance, which greatly limits its potential usage in industrial applications where 10 mechanical contact and corrosive environment coexist [10] .
12
Alloying has been found to be a highly effective method to strengthen Al by forming precipitates 13 or secondary particles [11] . However, the presence of precipitation and secondary particles 14 enhances corrosion by catalyzing oxygen reduction, increasing the alloy corrosion potential, and 15 localizing the electrochemical activity due to chemical inhomogeneity from the Al matrix [10] . 16 Recent studies show that alloying can increase the pitting potential (E pit ) of Al provided that the and Zr in metastable solid solutions offers the possibility to significantly enhance its pitting 22 resistance in chloride solutions [16] . These TMs improve corrosion resistance and decrease 23 pitting susceptibility of Al by increasing the overpotential for anodic dissolution and decreasing metastable pit initiation and growth rates [12] . In addition, alloying is an effective way to 1 minimize grain size and produce nanocrystalline microstructure. These refined microstructures 2 are likely to promote passive film growth due to the high density of point defect sinks and 3 sources at the intersection between grain boundaries and the film/metal interface [9, 17] .
5
Al-Mn is chosen in the present work as a model system to investigate the effects of alloy 6 concentration and microstructure on the corrosion resistance of Al-TM solid solution thin films.
7
This binary system exhibits a wide range of equilibrium phases from solid solution to more than 8 nine intermetallics [18] . Such rich variety of phases indicates the possibility of forming tunable 9 nanostructures by adjusting the alloying concentration [19, 20] . Unlike Mo, Ta, Cr, etc. which The equilibrium solubility of Mn in Al at room temperature is low, ~ 0.62 at.% [25], so 7 nonequilibrium processing techniques are needed to achieve extended solubility. Physical vapor 8 deposition (PVD) with its associated high quench rates was chosen here to produce The as-deposited samples were characterized using scanning electron microscopy (SEM, Hitachi 23 SU-70), energy-dispersive X-ray spectroscopy (EDS, EDAX-Phoenix attached to SEM, Hitachi 24 S-800), and grazing incidence X-ray diffraction (XRD, PANalytical X'Pert). Transmission electron microscopy (TEM) analysis including bright-field (BF), dark-field (DF) imaging, and 1 selected area diffraction (SAD) was performed using Tecani F20 TEM. TEM samples were 2 prepared by directly sputtering Al and Al-Mn alloys on continuous carbon film TEM grids for 15 3 min, which resulted in a sample thickness of ~150 nm.
5
Electrochemical behavior was characterized at regimes of mild and severe environmental 6 exposure, consisting respectively of naturally aerated 0.01 and 0.6 M NaCl aqueous solutions, 7 both pH ≈ 6.4 and at ambient temperature. The evaluations were conducted in 3-electrode cells 8 where the deposited samples, a mixed metal oxide coated titanium mesh, and a commercial 9 silver-silver chloride electrode (1 M KCl internal solution) were used as the working, counter, 10 and reference electrode respectively. Prior to the corrosion tests, the sample surfaces were 11 covered with stop-off lacquer except to expose a square region with an effective surface area of 1 12 cm² to the electrolyte, and another region allowing for an electrical contact using an alligator clip.
13
Optical microscopy was performed after each test and results from samples that showed any 14 indication of crevice corrosion under the stop-off lacquer were discarded. The results reported 15 here for each test condition correspond to at least three separate tests without crevice corrosion.
16
All tests were conducted with a Gamry Reference 600® potentiostat. the anodic direction at a rate of 0.167 mV/s, starting from a potential ~150 mV more negative 22 than E oc . The scans were terminated when a rapid increase in the anodic current density took 23 place and reached 10 µA·cm¯². Given the low current densities and solution resistivity involved, 24 no correction was made for solution resistance effects in these tests. The potential at which that rapid increase took place was named E pit . A nominal value of the cathodic polarization slope (β c ) 1 was assigned by fitting a straight line to the portion of the polarization curve that corresponded to 2 potentials more than 50 mV lower than E oc . A nominal value of the anodic polarization slope (β a ), 3 was likewise assigned, using the portion of the curve that started at potentials > 50 mV higher 4 than E oc and ended at E pit . Extrapolation of both of those trends to E oc and suitable averaging of . It is noted that unless indicated otherwise 8 current densities and associated corrosion rates are reported as a value averaged over the nominal 9 area of the specimen, recognizing that corrosion rates at localized features may be much larger. highest alloying concentration, the alloy A20 was completely amorphous, where all crystalline 5 diffractions were absent and only a broad hump around 2θ ≈ 42° was observed. In addition to 6 peak broadening, a right shift of the (111) diffraction peaks was observed from alloy A0 to alloy 7 A11, indicating a decrease of lattice constant (as listed in Table 1 suggesting that Mn, which has a Goldschmidt radius ~ 11% smaller than Al, is substitutionally 10 incorporated into the Al lattice. passive behavior (likely with some extent of localized activity), followed by a rapid increase in 6 current density at E pit . Additional tests which included a return scan confirmed that the increase At the E oc all Al-Mn alloys exhibited lower nominal corrosion rate compared to pure Al, 12 consistent with the latter being in a distinct active dissolution pitting regime, while the others 13 approached a passive condition. The amorphous Al-Mn (alloy A20) exhibited the smallest 14 nominal corrosion rate, 0.9 µm/year. E zero current of nanocrystalline (alloy A5) and complete 15 amorphous (alloy A20) Al-Mn were both anodic compared to that of pure Al (A0). However E zero 16 current of the dual-phase (alloy A11) was more cathodic, -750 mV Ag/AgCl . electrolyte is estimated to be less than 2 mV thus is neglected here. As for the other electrolyte, 21 the crossover potentials for zero current agreed reasonably well with the values of E oc observed 22 before initiating the scans. Despite the milder electrolyte, Alloy A0 showed highly active 23 dissolution immediately on entering the anodic current regime as it did in the 0.6 M NaCl tests.
24
The Al-Mn alloys, which had shown indications of an initially passive condition in 0.6 M NaCl did as expected the same in 0.01 M NaCl. Unlike in the more severe environment however, none anodically polarized up to +0.8 V as shown also in (Fig. 7. a) . The E oc values and the 3 electrochemical parameters obtained from PD measurements are shown in Fig. 7 and Table 3 .
4
Compared to that of pure Al (A0), the E zero current of nanocrystalline (alloy A5) was more cathodic; 5 however it was more anodic for the dual-phase (alloy A11) and the complete amorphous (alloy 6 A20). The E OC of the nanocrystalline (alloy A5) was more cathodic compared to that of pure Al. (Fig. 10) provided further insight on the relative corrosion resistance of the alloys evaluated.
6
The Nyquist diagrams show a prominent high frequency semicircle followed by the onset of assumed to be acting in parallel, but the one for the anodic reaction is taken as being large enough 21 to be neglected given the high polarizability of that reaction in a predominantly passive metal.
22
The remaining dominating impedance, that of the cathodic reaction, may be viewed as being 23 responsible for the observed two-loop behavior by proposing that it reflects the presence of a 24 two-step cathodic process [28] . In such treatment the impedance can be represented by a fast-reacting term R ct , and a slower reacting component corresponding to the parallel combination of 1 R 2 and CPE 2 , with R ct as a charge transfer resistance that is approximately related to the surface-2 averaged corrosion current density on the sample by Stern-Geary equation [29] . 
recognizing that the expression becomes increasingly inaccurate as n decreases from unity [31] .
16
From there, a nominal thickness of the passive film (d) may be obtained from the following
where ε is the dielectric constant of the passive film (taking it to be ~10 for aluminum oxide The behavior in 0. compared with the as-deposited state (Fig. 1) did not however reveal any marked localized attack.
In contrast, a network of conspicuous grooves developed on alloy A20, as shown in Fig. 14(d) .
1
Al and Mn EDS maps of the corroded surface ( Fig. 14(d) insets) were featureless, so the grooves 2 did not seem to be associated with any local compositional inhomogeneity. To reveal the depth of 3 the grooves, a cross-section of the sample was prepared by focused ion beam (FIB) milling (Fig   4   15 ). Edge rounding and overhanging milling debris introduce some uncertainty, but in general the 5 grooves appeared to be in the order of ~100 nm or less in depth (the depth of the grooves was 6 measured by tilting the sample by 40°). As a last note, the enhanced corrosion resistance and decreased pitting susceptibility of Al by 6 alloying with Mn is similar to that observed in other Al-TM (TM=Ta, Mo, Cu, W, etc.) systems. 
